Here we describe the identification of a novel vertebratespecific centrosome/spindle pole-associated protein (CSPP) involved in cell-cycle regulation. The protein is predicted to have a tripartite domain structure, where the N-and C-terminal domains are linked through a coiledcoil mid-domain. Experimental analysis of the identified domains revealed that spindle association is dependent on the N-terminal and the coiled-coil mid domain. The expression of CSPP at the mRNA level was detected in all tested cell lines and in testis tissue. Ectopic expression of CSPP in HEK293T cells blocked cell-cycle progression in early G 1 phase and in mitosis in a dose-dependent manner. Interestingly, mitosis-arrested cells contained aberrant spindles and showed impairment of chromosome congression. Inhibition of CSPP gene expression by small interfering RNAs induced cell-cycle arrest/delay in S phase. This phenotype was characterized by elevated levels of cyclin A, decreased levels of cyclin E and hyperphosphorylation of the S-phase checkpoint kinase Chk1. The activation of Chk1 may indicate a replication stress response due to an inappropriate G 1 /S-phase transition. Taken together, we demonstrate that CSPP is associated with centrosomes and microtubules and may play a role in the regulation of G 1 /S-phase progression and spindle assembly.
Introduction
The maintenance of genetic integrity is dependent on the accurate duplication and segregation of the entire set of chromosomes during cell division. This maintenance is secured by an ordered interplay of the DNA replication machinery and the cytoskeleton apparatus during the cell division cycle. In animal cells, the centre of the microtubule organization is the centrosome, a small nonmembraneous organelle that establishes polarity and orientation of microtubules during interphase at the microtubule organization centre (MTOC) and directs assembly of bipolar spindles during mitosis. The centrosome consists of a pair of centrioles and a surrounding electron dense matrix of protein aggregates referred to as the pericentriolar material (PCM). Since each daughter cell inherits one centrosome from the mother cell upon cytokinesis, the centrosome has to duplicate prior to the next mitosis to establish bipolarity and correct orientation of the mitotic spindle. The spindle promotes the proper congression of attached sister chromatids to the metaphase plate and subsequently the segregation of the split sister chromatids to their respective poles during anaphase/telophase. The onset of anaphase is surveyed by the spindle assembly checkpoint (reviewed in Musacchio and Hardwick, 2002) . Failure in chromosome congression leads to aneuploid cells, a hallmark of malignant tumours (Lengauer et al., 1998) . Due to the lack of a surveillance mechanism on spindle pole number and the dominance of centrosomes in spindle pole formation, centrosome duplication has to be limited to only once per cell cycle (for a review, see Delattre and Gonczy, 2004) . At the onset of mitosis, upon nuclear envelope breakdown, duplicated centrosomes prime the assembly of the bipolar spindle out of the dismantled microtubule cytoskeleton ('search-and-capture model' of plus ends of astral microtubules by kinetochores; Kirschner and Mitchison, 1986 ). However, not only centrosomes are capable of microtubule nucleation/spindle formation in vertebrate cells, as spindle assembly has been shown to occur efficiently around chromosomes in the absence of centrosomes (Khodjakov et al., 2000) . Recently, the minus end capture of preformed kinetochore fibres by astral microtubules has been reported (Khodjakov et al., 2003) envisioning the interplay between both pathways. The current understanding of spindle assembly may be a conjunction of centrosome-and chromosome-mediated nucleation of microtubules stabilized through the activity of both plus-and minus-end-directed motor proteins (Karsenti and Vernos, 2001; Wittmann et al., 2001; Nedelec et al., 2003) .
Centrosomes also provide a structural scaffold for the coordination of cell-cycle progression and cellular control. In vertebrate cells, centrosome activity is linked to cytokinesis and to the G 1 -to S-phase progression (Rappaport, 1986; Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001) . The presence of the centrosome organelle is essential for the viability of vertebrate somatic cells (Doxsey, 2001a) . Studies on the complex dynamic composition of the PCM have led to the identification of several (transient) components linking the centrosome to stress response mechanism, cell-cycle checkpoint control and tumorigenesis Fisk et al., 2002; Lange, 2002) . Centrosome aberrations have been described in various types of malignant human solid tumours coincident with aneuploidy. Overexpression of certain PCM components in cultured cells can induce centrosome abnormalities that closely resemble those seen in tumours.
Here we describe a novel centrosome/microtubuleassociated protein (CSPP), initially identified in a screen for genes potentially involved in the progression from low-grade to high-grade malignancies. We show that CSPP associates with the centrosome/microtubule cytoskeleton throughout the cell cycle and link CSPP functionally to the control of G 1 -to S-phase progression and to microtubule organization/spindle formation in mitosis.
Results

Characterization of CSPP
A gene fragment of a yet uncharacterized gene was identified in a screen for genes involved in the histological transformation of indolent follicular nonHodgkin's B-cell lymphoma to aggressive diffuse large B-cell lymphoma (DLBL) in patient-matched biopsies. The gene fragment showed differential expression; high expression in the diffuse large B-cell lymphoma and low in the corresponding follicular lymphoma from the same patient (data not shown). A 3726 nucleotides long cDNA clone (accession number: AJ583433) was isolated from a human testis cDNA library using the identified gene fragment as a probe. Northern blot analysis using this cDNA as a probe detected a prominent 4 kb transcript in human testis (Figure 1a ). Since the original gene fragment was identified in DLBL, gene expression was also examined in various cancer cell lines of B and non-B lymphoid origin in addition to human liver (HEP2) and human embryonic kidney (HEK293T) cell lines. The mRNA was detectable in all tested cell lines with varying intensity when compared to actin mRNA levels ( Figure 1b) .
The corresponding gene is located on chromosome 8q13.2, centromeric adjacent to the Brefeldin A-inhibited guanine nucleotide-exchange protein 1 gene (BIG1). The gene consisting of 26 exons is shown in Figure 2a and listed in Table 1 . The isolated cDNA contains an open reading frame encoding for a 876 amino acids, highly charged 101.5 kDa protein (17.2% strongly acidic and 18.4% strongly basic amino acids) that overlaps in its C-terminus with a predicted human protein (FLJ22490, accession number: NP_079066).
The proposed start sequence promoted the synthesis of a C-terminal MYC-tagged fusion protein. The fusion protein showed an apparent mass of 150 kDa in denaturing gel electrophoresis (Figure 2b ). The protein was denoted CSPP for centrosome/spindle pole-associated protein due to its intracellular localization (see below). Amino-acid sequence analysis of CSPP predicted a tripartite secondary structure: an N-terminal domain (amino-acid residues 1-305) containing a bipartite nuclear localization signal (residues 13-30) and a proline-rich region (residues 149-212) connected to the C-terminal domain (residues 582-876) via a central domain consisting of three predicted coiled-coil regions (residues 306-334, 418-478, 545-581 acid residues and the last one may promote dimerization according to the applied prediction software (Figure 2b ) (Wolf et al., 1997) .
No similar proteins with known function have been identified from database searches using either the gene or the predicted protein sequence. Database searches with the predicted protein sequence against speciesspecific translated expressed sequence tag (EST) databases identified CSPP homologues in Mus musculus, Xenopus tropicalis and X. laevis, Danio rerio (Figure 3) , as well as in various higher vertebrates and in the ascidian Ciona intestinalis. The homologous EST entries of frog and mouse are predominantly obtained from cDNA libraries of tissues of oocytes or early embryogenesis. In contrast, no apparent sequence homologues were detected in fruit fly, nematode or yeast genomes, indicative of a vertebrate-specific prevalence of the CSPP gene.
Intracellular localization of CSPP
Intracellular localization of CSPP was examined by detection of either C-terminal MYC-(by indirect immunofluorescence) or enhanced green fluorescence protein (EGFP)-tagged fusion proteins in transfected HEK293T cells. Ectopically expressed CSPP-fusion proteins were detectable 24 h post-transfection and showed the same localization independent of the detection tag used. We therefore limit the presentation of CSPP localization to the EGFP-tagged fusion protein. Interestingly, the intracellular localization of CSPP-EGFP appeared to be both cell-cycle and expression level (gene dosage) dependent. CSPP-EGFP localized along microtubules and accumulated mainly to and around the centrosome/MTOC in moderately Figure 4a ). The centrosomal localization was confirmed by co-staining with a centrosome-specific anti-g-tubulin antibody (Figure 4b ). The association of CSPP-EGFP with the centrosome(s) was observed throughout all interphase stages, as judged by stages of centrosome duplication and splittage ( Figure 4b ). Increased expression of CSPP-EGFP led to the formation of multiple well-defined cytoplasmic aggregates, whereof one invariably showed co-localization with g-tubulin ( Figure 4b (ii)). These aggregates were observed during all interphase stages but not in mitosis. They did not contain a-tubulin and did not interfere with microtubule polymerization, as judged by immunofluorescence microscopy (data not shown). Strikingly, among the CSPP-EGFP-expressing mitotic cells, a normal metaphase displaying bipolar spindle could only be detected in cells with very weak CSPP expression ( Figure 5a ). These cells were rarely observed. The predominantly observed spindle phenotype was characterized by multiple spindle poles and condensed chromosomes that were aligned in ring-like structures around the spindle poles ( Figure 5b ). None of the CSPPoverexpressing mitotic cells showed late mitotic stages (i.e. formation of contractile ring or telophase), suggesting that cells were trapped in an aberrant prometaphaselike stage. To add statistical significance to this observation, 300 mitotic cells in each of three independent transient transfection experiments (total 900 cells) were scored by their spindle aberration: 1074% showed monopolar spindles (Figure 5b (i)), 20.070.4% were bipolar (Figure 5b (ii)) and 7074% showed multipolar spindles (Figure 5b(iii) ). In contrast, mock-transfected cells showed normal metaphase plate alignment of chromosomes and in 97.670.3% a normal bipolar spindle. Only 2.470.3% of the mitotic cells had numerical centrosome aberrations, yet aligning chromosomes in a metaphase-like state (data not shown).
To further characterize the CSPP-induced spindle architectures, microtubules were visualized by indirect immunofluorescence using an a-tubulin-specific antibody. CSPP co-localized with microtubules predominantly at the minus end. Monopolar and bipolar spindles were connected to the cell cortex via astral microtubules ( Figure 5c ). Two phenotypes of bipolar spindles were distinguishable depending on their distance: (a) near-distance spindles showing a half-ring-like structural localization of CSPP (Figure 5c (ii)) and (b) far-distance spindles showing monopolar-like circular localization of CSPP (Figure 5c (iii)). The spindle poles of multi-polar spindles showed varying phenotypes combining both phenotypes seen in bipolar spindles (data not shown). Notably, all spindle poles showed g-tubulin staining, but in most of the cases only two distinct foci were detectable, whereas additional microtubule asters showed less and rather diffuse g-tubulin staining (Figure 5b (iii) and data not shown). We therefore presume that the majority of multi-polar spindles are of acentrosomal nature, which is further supported by the absence of centrosome amplification observed in interphase cells.
Cell-cycle analysis of CSPP-overexpressing cells
Since no late stages of mitosis were observed in transfected HEK293T cells, we sought to determine if the expression of ectopic CSPP caused changes in cell-cycle progression. Unexpectedly, both nonexpressing and CSPP-EGFP-expressing cells showed similar DNA histograms when analysed 36 h after transfection ( Figure 6a ). But assessing DNA synthesis by continuous BrdU incorporation for 24 h revealed that CSPP-EGFP expression impaired the G 1 -to S-phase transition, shown by the lack of BrdU incorporation in the G 1 population (Figure 6b ). Hence, these cells retained a population that did not leave G 1 during the observation time of 24 h. Thus, the DNA histograms presented in Figure 6a reflect a block in both G 1 and mitosis, and are therefore difficult to distinguish from the control. Major differences with respect to controls could be observed when cells were analysed 5 days after transfection. These were characterized by an increase of Figure 3 Sequence comparison of the C-terminal region of CSPP. Sequence comparison of the C-terminal region of CSPP (corresponding to amino acids 498-876) with the predicted human protein FLJ22490 (Homo sapiens, NP_079066) and predicted protein sequences from ESTs from mouse (M. musculus, XP_129366), frog (X. tropicalis, AL629486) and zebra fish (D. rerio, BM072098). Conserved residues are shaded in black and grey. Proposed conserved serine/threonine phosphorylation sites are indicated by arrows. The calculated nucleotide sequence homologies for the FLJ22490 protein orthologs in mouse and frog according to the HomoloGene database (ftp://ftp.ncbi.nih.gov/pub/HomoloGene/) are: 83.9% identity (M. musculus -LOC211660) and 75.2% identity (X. laevis -Xl.3486) Molecular characterization of a novel cell-cycle protein S Patzke et al 4n and >4n populations concomitant with multinucleation or enlarged nuclei, indicative for adaptation to tetraploidy of cells that underwent aberrant mitosis ( Figure 6d) . The impairment of G 1 /S transition became also visible in DNA histograms after treatment with a mitotic drug like the microtubule-destabilizing agent Colcemide (Rieder and Palazzo, 1992) . Control cells arrested near complete in mitosis after Colcemide treatment, whereas only 29% of CSPP-expressing cells were found in mitosis and approximately 50% of cells were in G 1 (20%) and S (30%) phase (Figure 6a) . A small G 1 population was also observed in Colcemide-treated EGFP-overexpressing cells, indicating a minor effect of EGFP on cell-cycle progression. Similar results were obtained for treatment with the microtubule-stabilizing agent Taxol (Schiff et al., 1979) . The cell-cycle analysis of Colcemide-treated cells in the presence of BrdU also shows that a G 1 population is retained in CSPP-expressing cells (Figure 6b ). Notably, a population of CSPP-MYC-transfected cells showed a DNA histogram similar to the CSPP-EGFP-transfected cells in response to Colcemide treatment (data not shown). For closer examination of the G 1 arrest, the expression level of the CDK2-activating cyclins E and A was determined, since CDK2 is a known regulator of the DNA replication and centrosome duplication cycle in embryonic and somatic cells (Hinchcliffe and Sluder, 2002) . No differences in the levels of cyclin E or A could be detected (Figure 6c) , indicating that the G 1 arrest is mediated in a certain time window before induction of cyclin E expression and may not occur through the inhibition of cyclin-dependent CDK2 activity.
Cell-cycle analysis of cells depleted of CSPP mRNA
To further elucidate the function of CSPP, we targeted its expression in HEK293T cells with siRNAs. An initial screening led to the selection of siRNA3, which targets the CSPP mRNA at positions 1613-1630 (accession number: AJ583433). SiRNA3 treatment nearly eliminated the expression of MYC-tagged CSPP in cotransfection experiments (Figure 7a ). Treatment with control siRNA at the same concentration had no effect on the CSPP expression level.
Next we investigated the effect of siRNA3 on endogenous CSPP expression. SiRNA3 almost completely depleted the endogenous CSPP mRNA, whereas transfection with control siRNA had no significant effect (Figure 7b) . To assay for possible CSPP knockdowndependent cell-cycle defects, a similar experimental setup using continuous BrdU incorporation was applied as described above for analysis of overexpression. Cells were diluted after 48 h to prevent confluence-dependent growth restriction, and were analysed 96 h post-transfection. CSPP siRNA-transfected cells, but not controls, showed a prominent increase in the S-phase population independently of Colcemide treatment, indicating a delay/arrest in S-phase progression upon CSPP depletion (Figure 7c) . A further characterization for S-phase cyclins showed a corresponding decrease in relative levels of cyclin E and increase in cyclin A in CSPP-depleted cells (Figure 7d) . DNA replication is surveyed by the S-phase checkpoint, which senses damaged DNA or problems in DNA replication (reviewed in Abraham, 2001) . In mammalian cells, two critical serine/threonine kinases, named Chk1 and Chk2, relay checkpoint signals by becoming activated by their proximal checkpoint kinases ATM or ATR. Our experiments demonstrated that CSPP knockdown specifically induced hyperphosphorylation of Chk1 at serine 317 (Figure 7e ), whereas no differences in the phosphorylation states of Chk2 at threonine 68 or 387 were detected (data not shown).
Serine phosphorylation of CSPP
Assuming a functional role of CSPP in the cell division cycle, the protein sequence was examined for common cell-cycle-associated motifs for post-translational modifications, that is, phosphorylation motifs (Figure 8a ). CSPP contains several highly predicted putative serine phosphorylation sites (Blom et al., 1999; Pfleger and Kirschner, 2000; Burton and Solomon, 2001) . Notably, among the predicted phosphorylated residues, serine 130 is found within the context of a predicted substrate consensus motif of cyclin-dependent kinases. Further supporting a possible phosphorylation by CDK, four putative cyclinbinding motifs are found in the CSPP sequence (residues 84-87, 113-117, 580-584 and 756-760) (Adams et al., 1996; Chen et al., 1996; Puntervoll et al., 2003) . But also other consensus substrate motifs of cell-cycle regulatory kinases are found in the CSPP amino-acid sequence, that is, for Polo-like-kinase (PLK1; residues 235-238, 523-526, 532-535, 809-812) . Indeed, CSPP-MYC is serine phosphorylated in vivo (Figure 8a) . Interestingly, treatment of transfected cells with Colcemide, for the induction of mitotic arrest, increased the serine phosphorylation content of immunoprecipitated CSPP-MYC. In addition, we performed FACS sorting of vital DNA-stained CSPP-MYC-transfected cells for G 1 and G 2 /M fractions to rule out a possible effect of the Colcemide treatment. Immunoprecipitation of CSPP-MYC from 2 Â 10 6 cells of the respective populations and subsequent phosphorylation analysis showed an increased phosphorylation in the G 2 /M fraction. This may reflect a cell-cycle-dependent hyperphosphorylation of CSPP during cell-cycle progression from G 1 towards mitosis.
Analysis of truncated CSPP variants
Considering the tripartite domain structure described before, we set out to examine the functional properties of the three defined domains of CSPP. For the ease of construction of deletion constructs, an N-terminal HA tag was introduced to CSPP. One full-length (denoted HA-CSPP/NccMC, N for N-terminal, ccM for coiledcoil mid, and C for C-terminal domain) and five deletion constructs of CSPP were prepared on the basis of the expected secondary structure: (i) HA-CSPP/NccM, (ii) HA-CSPP/ccMC, (iii) HA-CSPP/N, (iv) HA-CSPP/ccM and (v) HA-CSPP/C (see Figure 8b for details). Each construct was transfected into HEK293T cells and expression was analysed by Western blot (Figure 8b ) and immunofluorescence microscopy ( Figure 9) . Expression of N-terminal-tagged full-length CSPP showed the same intracellular localization and spindle aberrancies as the full-length C-terminal tagged constructs described above (Figures 5 and 9a) . In lysates of coiled-coil mid-domain (HA-CSPP/ccM)-expressing cells, a weaker second band of approximately twice the molecular mass of the expected product was seen. This (Figures 8c and 9d ) supportive for the functionality of the predicted bipartite nuclear localization signal.
Fluorescence microscopy of mitotic cells expressing either HA-CSPP/NccM (Figure 9b ) or HA-CSPP/ccMC (Figure 9c) showed that the N-terminal domain is essential for the observed spindle defect, whereas the C-terminal domain is dispensable. Further truncation of the protein for the coiled-coil mid-domain and the C-terminal domain also abolished the capability of localization to the spindle and the induction of spindle defects. None of the single domain constructs retained its ability to specifically localize to the spindle and to perturb spindle architecture (data not shown).
Discussion
We have characterized a novel vertebrate-specific coiledcoil protein, CSPP, which does not share significant sequence similarities with other functionally characterized proteins. The intracellular localization and the induced phenotypes of ectopically expressed CSPP and its truncation variants indicate its association with the cell-cycle machinery. Expression analysis further suggests that CSPP is associated with the cell division cycle since mRNA expression was only found in proliferating tissues (testis) and cycling cell lines. In addition, induced CSPP expression was also observed after lymphocyte activation and the homologous EST entries of other vertebrates were mainly derived from oocytes or stages of early embryogenesis (data not shown). Analysis of truncated forms of CSPP revealed the N-terminal domain, with its nuclear localization signal and its proline-rich region, in conjunction with the coiled-coil mid-domain, to be essential for the localization to mitotic spindle and the disturbance of normal bipolar spindle assembly, whereas the C-terminal domain is dispensable. The efficient localization to the mitotic spindle (and its disturbance) may require dimerization of CSPP mediated by the extensive central coiled-coil regions. Extensive coiled-coil regions have been described for many centrosomal proteins (Andersen et al., 2003) . CSPP may be functionally related to the centrosome/microtubule-associated transforming acidic coiled-coil (TACC) protein family that appears to play important roles in cell division and cellular organization in both embryonic and somatic systems. TACC proteins have been implicated in microtubule stabilization, acentrosomal spindle assembly, translational regulation, hematopoietic development and cancer progression (Gergely et al., 2000; Gergely, 2002) .
The G 1 -phase arrest observed in CSPP-overexpressing cells may not be mediated by p53 or Rb family members since HEK293T cells are transformed with the SV-40 virus large T-antigen (SV40 T-Ag) that impairs the function of these tumour suppressor proteins (Butel and Lednicky, 1999; Butel, 2000; Ali and DeCaprio, 2001; Sullivan and Pipas, 2002) . Several studies have established a functional role for the centrosome organelle in the regulation of G 1 -to-S-phase progression in vertebrate cells (Doxsey, 2001b; Hinchcliffe et al., 2001 ; Khodjakov and Rieder, 2001; Rieder et al., 2001) . Thus, CSPP could interact with proteins involved in centrosome maturation in G 1 and overexpression might lead to sequestration of binding partners and hence to centrosome dysfunction. Potential binding partners for CSPP could be PCM-1, PARP-3, centriolin, NPM/B23 or dynactin subunits, all of which have been shown to be involved in centrosome maturation/recruitment of cellcycle regulators at the G 1 /S-phase transition (Okuda et al., 2000; Balczon et al., 2002; Quintyne and Schroer, 2002; Augustin et al., 2003; Gromley et al., 2003) . The effects of ectopic overexpression should be interpreted carefully since it may affect the activity and level of endogenous CSPP that again might be normally regulated at the level of phosphorylation. Ectopic CSPP expression may therefore force CSPP activity in a state were endogenous CSPP normally is inactivated or absent.
Knockdown of endogenous CSPP by siRNA treatment did not block cells in G 1 phase, but delayed/ arrested a significant fraction of cells in (late) S-phase progression characterized by elevated levels of cyclin A and decreased levels of cyclin E. Further, the S-phase delay/arrest of CSPP-depleted cells led to hyperphosphorylation of Chk1 at serine residue 317. The Chk1 kinase is activated in unperturbed cell cycles (Kaneko et al., 1999) , but becomes hyperactivated in response to DNA damage or stalled replication. Phosphorylation of serines 317 and 345 by ATR in response to checkpoint activation has been shown to be required for Chk1 kinase activity (Zhao and Piwnica-Worms, 2001 ) and activation of Chk1 during DNA replication has been implicated in an intra-S-phase checkpoint monitoring replication origin firing (Feijoo et al., 2001) .
Trying to interpret the CSPP depletion and overexpression responses, it is tempting to speculate that CSPP is functionally associated with a centrosomedependent G 1 /S phase checkpoint that affects the control of DNA replication or entry into S phase. Licensing of replication origins occurs in late mitosis/ early G 1 when CDK activity is low (Nishitani and Lygerou, 2002) . Proteins of the replication-licensing machinery, that is, hCDC6, ORC6 and ORC2, are involved in multiple aspects of the cell division cycle, including DNA replication, chromosome segregation, cytokinesis and checkpoint signalling. In particular, ORC family proteins have been shown to interact with centrosomes (Prasanth et al., 2002 (Prasanth et al., , 2004 Clay-Farrace et al., 2003) . Further studies will clarify if CSPP is involved in these processes. Notably, CSPP overexpression or depletion was also performed in the SV40 T-Ag untransformed parental cell line HEK293 (data not shown). The observed cell-cycle effects in HEK293 cells were similar to the data shown for HEK293T.
Finally, chromosome segregation failure and alteration of cell-cycle regulators are a hallmark of malignant tumours (Lengauer et al., 1998; Malumbres and Barbacid, 2001) . CSPP overexpression supports missegregation by the hindrance of chromosome congression and disturbance of normal bipolar spindle formation. Originally, CSPP expression was identified in B-cell lymphoma. We therefore performed an in silico examination of CSPP mRNA expression in a public accessible microarray data set covering 240 patients with lymphomas (Rosenwald et al., 2002) . The median survival time in this data set decreased from 6.5 to 2.3 years in the patient group displaying above-median CSPP expression with respect to the below-median expression group (P ¼ 0.045; data not shown), which may indicate a functional role of deregulated CSPP expression in cancer progression.
In conclusion, we have characterized a novel vertebrate-specific centrosome/microtubule-associated protein CSPP. Our data link CSPP to the centrosomeassociated cell-cycle control. Overexpression blocks cellcycle progression in G 1 phase and perturbs spindle formation and chromosome congression in mitosis, whereas CSPP depletion perturbs cell-cycle progression in (late) S phase under activation of the DNA replication checkpoint. In addition, CSPP may be regulated by cell-cycle-dependent serine phosphorylation, a common feature of cell-cycle-regulated/regulatory proteins. This study presents the necessary first step in the characterization of CSPP, but, clearly, the development of a specific antibody and identification of associating proteins will be of particular importance to elucidate its regulation and role in cell-cycle progression.
Materials and methods
Antibodies and reagents
The following antibodies were used for Western blot analysis: mouse anti-phospho-serine (4H4; Alexis Biochemicals, Lausen, Switzerland), rabbit anti-cyclin A (C-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-cyclin E (HE-12, Santa Cruz Biotechnology), mouse anti-MYC (9E10 hybridoma (Evan et al., 1985) ), rabbit anti-HA (BD Biosciences Clontech, Palo Alto, CA, USA), HRP-conjugated anti-HA (Abcam, Ltd, Cambridge, UK), rabbit phospho-serine Chk1 or Chk2 and total Chk1 (Cell Signaling Technology Inc., Beverly, MA, USA). The horseradish peroxidase-conjugated goat anti-rabbit or rabbit anti-mouse antibody (DAKO A/S, Glostrup, Denmark) was used for detection by enhanced chemiluminescent (ECLplus) (Amersham Biosciences Ltd, Buckinghamshire, UK). Primary antibodies for immunofluorescence microscopy were: affinity-purified anti-MYC mAb (Evan et al., 1985) , GTU-88 anti-g-tubulin mAb and B-5-1-2 anti-a-tubulin mAb (both Sigma-Aldrich Company Ltd, Dorset, UK). Secondary antibodies were Cy2-or Cy3-conjugated anti-mouse or anti-rabbit antibodies (Amersham Biosciences Ltd). Colcemide (N-deacetyl-N-methylcolchicine), Taxol (Paclitaxel) and 5-bromo-2 0 -deoxyuridine (BrdU), aprotinin and phosphatase cocktail II were obtained from Sigma (Sigma-Aldrich Company Ltd).
Cloning of CSPP and preparation of expression plasmids
A CSPP-encoding cDNA fragment was originally identified in a screen for genes associated with high-but not low-grade human non-Hodgkin's B-cell lymphomas by means of cDNA representational difference analysis (Odeberg et al., 2000) on total RNA of patient-matched biopsies (unpublished data).
A full-length CSPP cDNA was screened out of a human testis cDNA l-phage library (BD Biosciences Clontech) using this fragment as a probe. Several independent clones were isolated and the longest clone was sequenced on both strands using BigDye Cycle Sequencing kit and analysed on an ABI 310 Genetic Analyser (both Applied Biosystems, Foster City, CA, USA). MYC-tagged fusion protein was obtained by PCR amplification of the predicted open reading frame including the preceding 10 nucleotides using PCR primers suitable to introduce restriction sites for subcloning into the pcDNA3.1/ myc-His expression vector (Invitrogen, Carlsbad, CA, USA) (forward primer: 5 0 -GGGAGATCTGAAGAAATGGATGAG AGGTTT-3 0 (BglII), reverse primer: 5 0 -CCCCTCGAGTAAC CATGTGCAGTCGACAG-3 0 (XhoI); restriction sites underlined). To generate an EGFP CSPP fusion protein, the CSPP open reading frame was PCR amplified introducing BglII and HindIII restriction sites (forward primer as above; reverse primer (5 0 -CCCAAGCTTGACCATGTGCAGTCGACAGG -3 0 (HindIII); restriction sites underlined) and the PCR product was cloned into pEGFP-N3 vector (BD Biosciences Clontech). N-terminal HA-tag fusion proteins were obtained by PCR amplification of the respective domain(s)-encoding regions with PCR primer suitable to subclone PCR amplificates into the pcDNA1-HA-tag vector (Invitrogen).
RNA isolation and Northern blot analysis
Total RNA was isolated by standard methods (Chomczynski and Sacchi, 1987) . For Northern blot analysis, mRNA was isolated from 30 mg total RNA using oligo(dT)-coated magnetic beads (Dynal, Oslo, Norway), separated under denaturing conditions and transferred and immobilized to Hybond-N þ membrane (Amersham Biosciences Ltd). Probe labelling and hybridizations were performed as described previously (Patzke et al., 2002) . Multiple tissue Northern blots were obtained from BD Biosciences Clontech.
Cell culture and transfection procedure
All cells and cell lines used in this study were grown in RPMI 1640 medium supplemented with 10% heat-inactivated foetal calf serum, penicillin and streptomycin at 371C in a humidified atmosphere with 5% CO 2 . For prometaphase arrest, HEK293T cells were treated with Colcemide (200 ng/ml) for 24 h, or to arrest cells at the G 2 /M transition for 24 h with Paclitaxel (Taxol) at 1 mM. HEK293T cells were transfected using Lipofectamine (Invitrogen) according to the manufacturer's instruction. For immunofluorescence microscopy, B3 Â 10 5 cells were grown on coverslips in 35 mm dishes.
siRNA treatment
Several CSPP-specific siRNAs were designed and tested against CSPP fused to enhanced green fluorescence protein as described previously (Leirdal and Sioud, 2002) . A siRNA targeting the sequence 5 0 -GAAGATTTGCGCAGTGGAC-3 0 was selected (Eurogenetec, Seraing, Belgium) based on the efficacy to downregulate CSPP expression. As control, an arbitrary nonspecific chemically synthesized siRNA was used (5 0 -GAGUGACAAGCCUGUAGCC-3 0 ). For transfection experiments, HEK293T cells in 35 mm dishes were transfected with 300 pmol (B2 mg) siRNA duplexes using Lipofectamine (Invitrogen). At 2 days post-transfection, cells were split to prevent cell density-dependent growth inhibition effects and allowed to recover 24 h before addition of BrdU and Colcemide. Cells were subjected to flow-cytometric analysis and Western blotting 96 h post-transfection (see below).
Immunopurification and Western blotting
CSPP-MYC tag fusion protein was expressed by transfection of HEK293T cells. For protein isolation, cells were washed twice with PBS and lysed on ice in lysis buffer I (Tris-HCl 50 mM, pH 7.6, NaCl 150 mM, Nonidet P-40 0.1%, PMSF 1 mM, 50 U/ml aprotinin, 1% phosphatase inhibitor cocktail II) and nuclei and cell debris removed by centrifugation. Immunoprecipitations were performed at 41C using 1 mg antibody. Immunoprecipitates were captured by Protein G-coated Dynabeads (Dynal) according to the manufacturer's instructions and beads were extensively washed in lysis buffer containing 300 mM NaCl. Samples were separated on SDSpolyacrylamide gels and blotted on nitrocellulose membrane (Schleicher & Schu¨ll, Dassel, Germany) .
For cyclin expression analysis, cells were co-transfected with a CD19-encoding plasmid in a ratio 1 : 4 over an MYCconstruct encoding plasmids (Stamenkovic and Seed, 1988) . Transfectants were positively isolated using anti-CD19-coated magnetic beads (Dynal) (Rasmussen et al., 1992) and lysed in lysis buffer II (20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 400 mM NaCl, 0.5% Nonidet P-40, 5 mM NaF, 1 mM PMSF, 50 U/ml aprotenin, 0.5 mM orthovanadate).
siRNA-treated cells were lysed directly in SDS-loading buffer and sonicated three times for 15 s at 70% intensity in a Virsonic 50 sonicator (Virtis Company Inc., Gardiner, NY, USA).
Immunofluorescence microscopy
If not indicated, cells were washed with PBS and fixed in methanol (3 min/À201C). Cells were blocked in 5% bovine serum albumin in PBS for 20 min at room temperature before incubation with primary antibody for 30 min at room temperature. All antibodies were diluted in 5% bovine serum albumin in PBS. DNA was visualized by supplementing secondary antibody solutions with Hoechst 33258 (0.1 mg/ ml). Detection of HA-tagged proteins by a-HA antibody required formaldehyde fixation for 15 min at room temperature. Free formaldehyde groups were quenched using 50 mM NH 4 Cl/PBS and cells permeabilized with 0.1% Triton X-100/ PBS (Sigma-Aldrich Company). Coverslips were mounted using Mowiol (Sigma-Aldrich Company). Immunofluorescence was performed using an Olympus AX-70 microscope (Olympus Optical Co. GmbH, Hamburg, Germany) and Uplan FL Â 100/1.30 oil immersion objective (Olympus Optical Co. GmbH, Hamburg, Germany). Images were taken using a SyncroCool435 CCD camera and Auto-Montage acquisition software (both Syncroscopy, Cambridge, UK). Laser confocal imaging was performed on a Leica TCS NT confocal scanning microscope system equipped with a Kr/Ar laser and a PL Fluotar Â 100/1.30 oil immersion objective (Leica Microsystems, Heidelberg, Germany). Appropriate emission filter settings and controls were included to exclude bleed-through effects. All image post-processing was performed using Corel Photopaint software package (Corel Corporation, Dallas, TX, USA).
Cell-cycle analysis
HEK293T cells were transfected at B60-70% confluence to prevent cell density-mediated growth restriction during the experiment. Cells were allowed to recover and to produce recombinant protein for 12 h before eventual addition of drugs and additional incubation for 24 h (Colcemide at 200 ng/ml; BrdU at 80 mg/ml).
